Abstract. Type 2 diabetes is a progressive disease and most patients with type 2 diabetes eventually need insulin therapy. The objective of this study was to clarify C-peptide immunoreactivity (CPR), a marker of beta cell function, as a predictor of requirement for insulin therapy. We conducted a retrospective study of 579 consecutive subjects with type 2 diabetes who were admitted to our hospital from 2000 to 2007 and were able to be followed up for at least 6 months after discharge. Fasting and postprandial serum CPR and urinary CPR levels had been measured during admission. Information about insulin therapy at the last visit was obtained from medical records. At the last visit, 364 subjects (62.9%) were treated with insulin. Mean interval between discharge and the last visit was 4.5 ± 2.3 years. Serum and urine CPR levels at baseline were significantly associated with insulin treatment at the last visit (P<0.001 for all). Among CPR values, postprandial serum CPR to plasma glucose ratio (CPR index) showed the greatest area under the receiver operating characteristic (ROC) curve for insulin therapy. Multivariate logistic regression analysis evaluating the effect of postprandial CPR index adjusted for other confounders showed consistent results with unadjusted results. In conclusion, beta cell dysfunction is significantly correlated with future insulin therapy in patients with type 2 diabetes. Our study indicates that among CPR measurements, postprandial CPR index is the best predictive marker for future insulin therapy.
Type 2 diabetes is characterized by beta cell dysfunction and insulin resistance [1] . Despite recent progress in the treatment of diabetes, abnormal glucose metabolism in patients with type 2 diabetes usually deteriorates gradually and insulin therapy is finally needed in many cases [2] [3] [4] . C-peptide is well known to be a marker of beta cell function [5] [6] . C-peptide is split from insulin in the secretory granules in the beta cell and co-secreted with insulin. Since insulin, but not C-peptide, is extracted by the liver, serum C-peptide level reflects endogenous insulin secretion more directly than does serum insulin level. Moreover, C-peptide is capable of assessing beta Postprandial serum C-peptide to plasma glucose ratio as a predictor of subsequent insulin treatment in patients with type 2 diabetes Yoshifumi Saisho 1) , Kinsei Kou 1) , Kumiko Tanaka 1) , Takayuki Abe 2) , Hideaki Kurosawa 1) , Akira Shimada 3) , Shu Meguro 1) , Toshihide Kawai 1) and Hiroshi Itoh cell function even in patients under insulin therapy. Recent studies reported that C-peptide immunoreactivity (CPR) adjusted by plasma glucose level, referred to as CPR index, predicted patients with type 2 diabetes who needed insulin therapy [7] [8] . However, to our knowledge, no report has assessed postprandial CPR index as a predictor of insulin therapy. Although early insulin initiation has been reported to preserve beta cell function in patients with type 2 diabetes [9] [10] [11] , patients often hesitate to accept insulin therapy mainly because of its daily injection. Thus, prediction of patients with type 2 diabetes who will need insulin therapy is important so as to introduce insulin therapy as early as possible.
if the doctor considered that the patient needed insulin therapy. On the other hand, if optimal glycemic control was maintained with less than 10 U/day of insulin, the doctor considered the possibility of discontinuing insulin therapy. This study was conducted according to the principles expressed in the Declaration of Helsinki and was approved by the ethics review committee of Keio University School of Medicine, Tokyo, Japan.
Measurements
All measurements were performed by the Department of Laboratory Medicine, Keio University School of Medicine with routine automated laboratory methods as previously reported [13] . HbA1c was measured by HPLC and expressed as international standard value; i.e. HbA1c (JDS) + 0.4%, as defined by JDS [14] .
Plasma glucose and serum CPR levels were measured after overnight fasting and 2 h after breakfast during admission, usually within a few days after admission under basal-bolus insulin therapy. All patients were receiving the ideal dietary calorie intake calculated from their ideal body weight (i.e. height (m) 2 x 22 x 25 kcal/kg) when blood samples were obtained. Plasma glucose was measured by glucose oxidase method and CPR was measured by EIA. Coefficient of variance (CV) of the within-run and between-day precision of CPR was 2.39% and 2.97%, respectively. Fasting and postprandial CPR indices were calculated as follows: fasting or postprandial serum CPR (ng/mL) / fasting or postprandial plasma glucose (mg/dL) x 100, respectively. In addition, 24 h urinary CPR was also measured. Urinary CPR index was calculated as 24 h urinary CPR (µg/day) / FPG (mg/dL).
Estimated glomerular filtration rate (eGFR: mL/ min/1.73 m 2 ) was calculated according to the Statement of the Japan Nephrology Society (JNS) [15] [16] as follows: 194 x serum creatinine (mg/dL) -0.194 x age (years) -0.287 (x 0.739 for women). Diabetic complications were precisely evaluated during admission. Diagnosis of diabetic retinopathy was performed by ophthalmologists.
Statistical analysis
Descriptive statistics were calculated for the baseline characteristics. Homogeneity of distributions between the two groups was examined with MannWhitney's U test or Fisher's exact test. Association between CPR level at discharge and insulin treatment at the last visit was evaluated with a logistic regression Therefore, in this study we addressed the following questions using our data from a large population with detailed medical information on more than 500 patients: 1) What kind of CPR measurement is the best predictor of need for insulin therapy? 2) Is the association between the CPR measurement and insulin treatment robust when adjusting for other confounders?
Research Design and Methods

Subjects
We conducted screening in 689 consecutive patients with type 2 diabetes who were admitted to our hospital from 2000 to 2007. Most patients had been admitted to our hospital because of poor glycemic control and received basal-bolus insulin therapy during admission. We excluded 1) subjects positive for glutamic acid decarboxylase (GAD) or insulinoma-associated antigen-2 (IA-2) antibody, 2) subjects with serum creatinine level of 2.0 mg/dL or more, 3) subjects with fasting plasma glucose (FPG) of 200 mg/dL or more, and 4) subjects whose serum CPR level was not available in the medical records. Of the 689 patients, 110 patients (16.0%) were not able to be followed up for at least 6 months mainly because of referral to another clinic or institution. Thus, 579 patients were eligible for analysis (Table 1) . Mean interval between discharge and the last visit was 4.5 ± 2.3 years. Information about insulin therapy at the last visit was obtained from medical records in 2009. Insulin therapy was introduced based on clinical judgment according to the Japan Diabetes Society (JDS) guidelines for treatment of diabetes [12] . Briefly, if the optimal glycemic goal (HbA1c <6.5%, FPG <130 mg/dL or 2 h postprandial plasma glucose <180 mg/dL) was not achieved by lifestyle modification and use of oral hypoglycemic agents, insulin therapy was considered. Lifestyle modification including diet therapy with ideal caloric intake calculated from ideal body weight (i.e., height (m) 2 x 22 x 25-30 kcal/ kg) and moderate aerobic exercise at least 150 min/ week was introduced at the first visit by doctors, nurses and nutritionists. The patients were also encouraged to participate in group counseling. Private counseling by nurses and nutritionists was further added if the optimal glycemic goal was not achieved. Especially, if optimal glycemic control was not achieved with the use of more than half the maximum dose of sulfonylureas, insulin therapy was considered. However, insulin therapy was also started regardless of prior treatment
Results
Baseline characteristics of subjects according to insulin therapy at last visit
Among 579 subjects, 364 subjects (62.9%) were being treated with insulin at their last visit at 4.5 ± 2.3 years since discharge. In subjects treated with insulin, mean daily insulin dose was 0.42 ± 0.24 U/kg (27 ± 18 U, range 2-102 U), and 337 subjects (92.6%) were treated with insulin injection twice a day or more. Among them, 325 subjects (89.3%) had already commenced insulin therapy at the time of discharge. On the other hand, 57 subjects who were being treated with insulin at the time of discharge had been able to disconmodel for each CPR parameter. Correlations between two CPR parameters were estimated with Spearman's rank correlation coefficient. Receiver operating characteristic (ROC) analysis was performed to compare the performance of the predictors of insulin therapy. Multivariate logistic regression analysis was used to evaluate the effect of the postprandial CPR index on insulin treatment adjusted for other confounders. All statistical analyses were conducted using the Statistical Package for the Social Sciences (version 17.0; SPSS, Chicago, IL, USA). All data are expressed as mean ± SD, and values of p <0.05 (two-sided) were considered statistically significant. Urinary CPR and urinary CPR index were both significantly lower in those with insulin therapy (p <0.001).
Association between baseline CPR level and insulin treatment at last visit The association between baseline CPR level and insulin treatment at the last visit was evaluated with a logistic regression model for individual parameters (Table 2) . Each CPR parameter showed significant association with insulin treatment at the last visit (p <0.001 for all).
Correlation and predictive performance of CPR indices
Fasting and postprandial serum CPR levels were strongly correlated with each other in terms of both absolute values and indices (Table 3) . While urinary CPR and urinary CPR index were strongly correlated with each other, they showed only modest correlations with each serum CPR index (Table 3) .
To estimate the predictive performance for insulin therapy among these CPR indices, we performed ROC analysis. ROC analysis for insulin therapy showed the greatest point estimate of the area under the curve (AUC) for postprandial CPR index (0.779, 95% CI: tinue insulin therapy at the last visit. Demographic factors and baseline characteristics for the two groups are summarized in Table 1 . Patients who were treated with insulin at the last visit showed significantly longer duration of diabetes (p <0.001) and lower BMI (p <0.05), but comparable HbA1c level (p = 0.91) at the time of admission compared with those without insulin therapy. Patients who were treated with insulin at the last visit also showed a significantly higher proportion who had used oral hypoglycemic agents or insulin previously. The incidence of diabetic complications except stroke was also significantly higher in patients with insulin therapy compared with those without insulin.
Baseline CPR indices of subjects according to insulin therapy at last visit
Patients who were being treated with insulin at the last visit showed significantly lower fasting and postprandial CPR levels compared with those without insulin, while postprandial plasma glucose level was significantly higher in those with insulin (all p <0.001) ( Table 1) . As a result, fasting and postprandial CPR indices were significantly lower in patients with insulin therapy compared to those without insulin (p <0.001). We also confirmed the same results in insulin-treated patients who used less than 10 U/day of insulin at the last visit as those in the non-insulin-treated group 
Sensitivity analyses
Finally, to evaluate the robustness of the unadjusted association between the CPR measurement and insulin treatment, we performed multivariate logistic analysis including sex, age, duration of diabetes, family history of diabetes, BMI, HbA1c, eGFR, postprandial CPR index, previous medication (sulfonylurea, glinide, biguanide, thiazolidinedione, α-glucosidase inhibitor or insulin), and presence of diabetic complications (diabetic retinopathy, diabetic nephropathy, diabetic neuropathy, coronary artery disease (CAD) and stroke) as independent variables. As a result, postprandial CPR index, pretreatment with insulin, pretreatment with sulfonylurea, diabetic retinopathy, age, CAD and diabetic neuropathy were selected as independent predictors of insulin therapy (Table 4 ). The adjusted odds ratio of postprandial CPR index was 0.45 (95% CI: 0.37-0.56) for each 1 increment of the index, consistent with the result from the unadjusted model. In this study, 41 patients who were treated with insulin at the last visit used less than 10 U/day of insulin. this study, we were not able to compare the usefulness of CPR index with that of IRI. ROC analysis demonstrated that if the cut-off value of postprandial CPR index is set at 1.5, the specificity for insulin therapy would be 80% (60% sensitivity). Moreover, multivariate logistic regression analysis evaluating the effect of the postprandial CPR index adjusted for other confounders showed consistent results, and the estimated odds ratio of 1 unit of the postprandial CPR index was 0.45.
Logistic regression analysis also revealed other factors predicting insulin therapy such as previous treatment with insulin, previous treatment with sulfonylureas, diabetic retinopathy, age, CAD and diabetic neuropathy, but not HbA1c, suggesting that baseline HbA1c level may not predict insulin therapy. Unexpectedly, the duration of diabetes was not selected in the analysis. The reason for this may be 1) in the multivariate analysis, the effect of the duration of diabetes was explained by other variables that correlated with it, or 2) the difficulty in exactly estimating the time of onset of type 2 diabetes. It should be noted that the clinical decision to introduce insulin therapy during admission itself could be influenced by CPR indices as well as the presence of diabetic complications. To reduce this possibility, we assessed the use of insulin at the last visit, which was 4.5 ± 2.3 years after discharge. Moreover, patients with insulin therapy at the last visit were receiving a total daily dose of 0.42 ± 0.24 U/kg of insulin and the majority injected twice a day or more, suggesting their need for insulin. Nonetheless, the mean HbA1c level at the last visit was rather higher in subjects with insulin therapy than in those without (7.4 ± 1.4 vs. 6.7 ± 1.2, p <0.001), also suggesting that our clinical judgment to introduce insulin had been reasonable. This finding also indicates that postprandial CPR index may be a useful predictor of future deterioration of glucose tolerance. We also confirmed the same results in insulin-treated patients who used less than 10 U/day of insulin at the last visit (n = 41) as in the noninsulin-treated group.
There are several limitations of our study. First, we used logistic regression analysis rather than a Cox proportional-hazards model to identify independent variables predicting insulin therapy, because we did not have information on the time of insulin initiation. However, since ~90% of the subjects who were treated with insulin at the last visit had already commenced insulin therapy at the time of discharge, the difference
Discussion
In this study, 1) patients who subsequently needed insulin therapy showed lower CPR indices, 2) among the various CPR indices, postprandial CPR index was the best predictor of insulin therapy, and 3) the association between the postprandial CPR index and insulin treatment was robust and not dependent on the analysis model. Type 2 diabetes is a progressive disease, and beta cell function gradually decreases with the duration of type 2 diabetes [2] [3] [4] . It has been reported that early insulin treatment may prevent the decline of beta cell function [9] [10] . Therefore, it is important to identify predictors of the need for insulin therapy in order to introduce early insulin treatment for patients with type 2 diabetes who need it.
Recent studies have reported that fasting CPR index and urinary CPR both predict insulin therapy [7] [8] . Their findings were in line with our findings, while we further compared the indices including postprandial state and found that the postprandial CPR index was a superior predictor compared with either fasting CPR index or urinary CPR index. We also confirmed that the CPR index was a superior predictor of insulin therapy compared to serum CPR level itself in both a fasting and a postprandial state in our larger population including more than 500 patients. Since plasma glucose stimulates insulin secretion, it is not surprising that a CPR index, i.e., serum CPR level adjusted by plasma glucose level, reflects endogenous insulin secretion ability more precisely than does serum CPR level itself. In the postprandial state, insulin secretion is further stimulated by both a higher plasma glucose level and incretin action [17] . Thus, postprandial CPR index may be more useful to assess beta cell functional capacity compared to fasting CPR index.
On the other hand, both urinary CPR and urinary CPR index showed only modest correlations with serum CPR indices and a smaller AUC of ROC analysis for insulin therapy compared to serum CPR indices. The reason for this could be sampling error (insufficient urine storage) or the presence of subclinical urinary tract infection, which would affect CPR measurement. Moreover, since urinary CPR reflects daily total insulin secretion, adjustment for only fasting plasma glucose level may not be sufficient to adjust for daily total insulin secretion, especially considering the postprandial state. Unfortunately, since we did not measure plasma insulin levels (immunoreactive insulin, IRI) in and 6.5 ± 1.3 vs. 6.7 ± 1.4 years, p = 0.34 for subgroups with follow-up duration of 4 years or less and more than 4 years, respectively). In this subgroup analysis, we confirmed that the results were not changed in either subgroup (ROC-AUC of postprandial CPR index: 0.799 (95%CI: 0.749-0.848) and 0.758 (0.698-0.818), odds ratio of postprandial CPR index: 0.32 (0.24-0.44) and 0.49 (0.38-0.64) for subgroups with follow-up duration of 4 years or less and more than 4 years, respectively).
In conclusion, beta cell dysfunction is significantly correlated with future insulin therapy in patients with type 2 diabetes. Among CPR indices, postprandial CPR index is the best predictive marker of future insulin therapy. Assessing postprandial CPR index may be useful for starting insulin therapy as early as possible in patients with type 2 diabetes in order to preserve their beta cell function.
should be minimal. Second, we excluded subjects with renal failure, which affects CPR measurement. Thus, the results may not be applicable to subjects with renal failure. Third, we also excluded subjects whose FPG was 200 mg/dL or more in order to exclude the possibility that beta cell function was transiently impaired by marked hyperglycemia. Since hyperglycemia per se could affect beta cell function, which is generally recognized as glucose toxicity, CPR may not reflect true beta cell function when marked hyperglycemia is present. Nonetheless, because of this, our results may not be applicable to subjects with marked hyperglycemia. Finally, because of the retrospective design of this study, the patients who were treated with insulin at the last visit had a longer follow-up duration between discharge and the last visit compared to those without insulin (Table 1) . Therefore, we also performed subgroup analysis stratified by the duration between discharge and last visit of 4 years or less, or more than 4 years (n = 313 and 266, respectively). As a result, there was no significant difference in the follow-up duration between the patients treated with or without insulin in both subgroups (2.6 ± 1.1 vs. 2.7 ± 1.1 years, p = 0.46
